ABSTRACT Plum curculio, Conotrachelus nenuphar (Herbst), one of the most important pests of apple in eastern and central North America, is usually managed in New England apple orchards by multiple full-block insecticide applications. Efforts to reduce insecticide inputs against plum curculio include using an "attract and kill" approach: odor-baited trap trees deployed in the perimeter row of apple orchards. The standard approach is based on baiting apple trees with two olfactory stimuli, the fruit volatile benzaldehyde and the aggregation pheromone of plum curculio, grandisoic acid. We attempted to improve attraction, aggregation, and retention of adult plum curculios within speciÞc baited trap tree canopies within apple orchards using an additional host plant volatile found to be highly stimulating in electroantennogram studies, trans-2-hexenal. We also attempted to increase aggregation using increased release rates of grandisoic acid. We found that trans-2-hexenal did not provide increased aggregation when deployed as an additional attractant within trap trees or when conversely deployed as a "push" component or repellent in perimeter trees lateral to the baited trap tree. Although increasing the release rate of grandisoic acid 5ϫ actually appeared to increase overall aggregation within trap trees, it was not signiÞcantly different than that obtained using the standard dose. Therefore, we believe that the standard olfactory stimuli are sufÞcient to provide aggregation within trap trees, but that other means should be used to manage them after their arrival.
The plum curculio, Conotrachelus nenuphar (Herbst), is one of the most important insect pests of pome and stone fruit in eastern and central North America (Vincent et al. 1999 (Vincent et al. , 2004 Leskey et al. 2009a ). In the northeastern United States, plum curculio has been managed by applying three full-block applications of an organophosphate insecticide (Koehler 2003) generally Imidan, in the absence of monitoring tactics. After petal fall, however, the question as to the need for and timing of subsequent insecticide applications made against plum curculio has been difÞcult for growers to pinpoint because of lack of a reliable monitoring technique. Over the past decade, a trap tree monitoring strategy for plum curculio oviposition has been developed (Prokopy et al. , 2004 . While captures in baited traps failed to correlate with injury levels in trees , the trap tree approach provided an enhanced method for monitoring oviposition activity and was validated as a threshold-based monitoring tool in seven northeastern states in apple orchards (Piñ ero et al. 2011 ). This approach calls for baiting apple trees in the perimeter row with a synergistic two-component lure composed of the synthetic host plant-derived volatile benzaldehyde and the synthetic male-produced aggregation pheromone grandisoic acid (Eller and Bartelt 1996) . This trap tree is subsequently monitored for signs of fresh oviposition injury, thereby allowing growers to determine need for and timing of subsequent insecticide applications (Piñ ero et al. 2011) .
More recently, this novel approach was applied as a management tool for plum curculio. In this case, the baited trap tree was used to aggregate plum curculios in speciÞc baited perimeter-row trees. Then by applying insecticides to only those baited trap trees located on the periphery of apple orchards rather than the entire orchard (after petal fall), tremendous reductions in the amount of insecticide applied were achieved without compromising plum curculio control. This strategy resulted in a Ϸ70 and 93% reduction in the total percentage of trees treated with insecticide compared with perimeter-row sprays and standard whole-orchard sprays, respectively. Commercially acceptable control was achieved in the majority of collaborating grower orchards, and no differences in injury rates were detected between trap tree managed plots and perimeter-row managed plots (Leskey et al. 2008) .
This spatially precise approach, while reasonably effective, demands reÞnement, however, based on elevated injury found in unbaited trees directly adjacent to baited trap trees (Leskey et al. 2008) . Aggregation and subsequent injury by adult plum curculios was signiÞcantly greater and encompassed an area larger than just the single trap tree canopy. Instead, oviposition injury (indicative of increased adult aggregation) occupied an area that included the trap tree and several of the nearest neighbor trees adjacent to the trap tree. A likely explanation for the size of this aggregation zone involves the level of precision offered by current olfactory stimuli being deployed to attract, aggregate, and retain plum curculios within a particular location.
Olfactory cues are important components of hostand mate-Þnding for this species, as it moves from overwintering sites at the periphery of orchards into host trees (Smith and Flessel 1968 , Laßeur and Hill 1987 , Piñ ero et al. 2001 . Adult antennae possess sensilla types consistent with those known to be olfactory receptors in other insects, including those thought to be for pheromone reception (Alm and Hall 1986) . Volatile collections from virgin multivoltine male plum curculios have yielded a single compound termed grandisoic acid. This compound, an aggregation pheromone, is attractive to both males and females (Eller and Bartelt 1996) . Behavioral studies also have demonstrated that plum curculios use olfactory cues to locate host fruit trees (Butkewich and Prokopy 1993, Leskey and . Several compounds identiÞed from apple (Boevé et al. 1996 ) and plum were found to be attractive in the laboratory and Þeld , Leskey and Wright 2004a . When benzaldehyde in particular was evaluated in combination with grandisoic acid, plum curculio captures in traps increased signiÞcantly compared with captures in traps baited with grandisoic acid alone or in unbaited traps (Piñ ero et al. 2001) . Benzaldehyde is the only fruit volatile that has been demonstrated to synergize plum curculio responses to grandisoic acid . This synergistic response, an increase in attractiveness when host plant volatiles are combined with an aggregation pheromone, is common among weevil species (Landolt 1997, Landolt and Phillips 1997) . However, as the trap tree strategy (Leskey et al. 2008) has revealed, the current blend of olfactory attractants (benzaldehyde in combination with grandisoic acid) may not be a sufÞcient olfactory stimulus to competitively attract, aggregate, and retain adult plum curculios within speciÞc baited trap tree canopies within apple orchards.
Recently, we developed a reliable electroantennogram (EAG) technique for plum curculio (Leskey et al. 2009b ) that will facilitate identiÞcation of stimulating volatiles through electrophysiological responses. Their identity could prove important, as single-component, fruit-based attractants may be less competitive within the context of an orchard when the attractant deployed is also released by developing fruit. For example, although benzaldehyde was identiÞed from plum , it also is produced by apple blossoms (Buchbauer et al. 1993) , and Leskey and Wright (2004b) demonstrated that when traps baited with this compound were deployed within proximity of host fruit trees, signiÞcantly fewer adults were captured compared with traps deployed in an area without competing host fruit trees. A multiplecomponent olfactory attractant for the apple maggot, Rhagoletis pomonella (Walsh), identiÞed from apple volatiles was also found to be a much more attractive than a single-component bait under Þeld conditions (Zhang et al. 1999 ). Thus, it seems reasonable that a host plant-based attractant composed of multiple components would be more competitive in the Þeld and thus more attractive to plum curculios, aggregating and retaining greater numbers within speciÞc trap trees.
Therefore, we evaluated EAG responses of plum curculio to a number of host plant volatiles in the laboratory. Those found to be highly stimulating in the laboratory were evaluated in the Þeld in commercial apple orchards to determine if they could improve the overall level of aggregation, and retention of plum curculios in odor-baited trap trees. In addition, grandisoic acid release rates were manipulated in baited trap trees to determine if a higher rate would improve efÞcacy of this strategy.
Materials and Methods
EAG Studies. Source Females. Plum curculios used as test subjects in EAG trials designed to evaluate host odor stimuli were taken from a nondiapausing, i.e., "southern strain" laboratory colony established in 2001 at the Appalachian Fruit Research Station (Kearneysville, WV) and augmented annually with wild individuals. Plum curculios were reared in the laboratory on a diet of green thinning apples based on methods of Amis and Snow (1985) . Newly emerged adults were held in an environmental chamber at 25ЊC and a photoperiod of 14:10 (L:D) h in mixed-sex groups of 100 Ð300 individuals with a source of food and water (green thinning apples and wetted cotton dental wick) for 2 wk to allow for sexual maturation and mating. Mature adults were then removed from the chamber and sexed following Thomson (1932) before testing. Only females were used in these trials, because EAG responses to fruit odors are statistically higher for females compared with males (Leskey et al. 2009b ) and sexually mature females are the most damaging portion of the wild population.
Odor Treatments. Treatments included evaluation of the four synthetic volatiles: ethyl acetate, ethyl butyrate, trans-2-hexenal, and R (ϩ)-limonene coupled with a dichloromethane (DCM) solvent control and a standard (an extraction of headspace volatiles collected from ÔStanleyÕ plum at 20 mm fruit). These synthetic volatiles were chosen because they are released by fruiting, foliar, and woody tissues of Prunus domestica L. European plum, variety ÔStanleyÕ and ÔFellenbergÕ and have elicited various behavioral responses from plum curculio in laboratory and Þeld settings, i.e., attractive, attractive when combined with grandisoic acid, repellent, or not repellent (Table  1) . Each of the synthetic volatiles was evaluated at Þve concentrations: 10.0, 1.0, 0.1, 0.01, and 0.001 mg/ml, diluted in DCM. The ÔStanleyÕ plum standard, found to be highly stimulating in previous studies, was produced according to the protocol described in Leskey et al. (2010) . Brießy, a large polyethylene bag (48.26 by 58.42 cm, Reynolds Oven Bags, Richmond, VA) was used as a source containment device; bags were placed over four selected ÔStanleyÕ plum branches of equal volume (i.e., similar size, architecture, and abundance of plant tissue). The open end of each bag was sealed with plastic ties tightened around the branch stem; for ventilation, two 0.7-cm holes were made near the tip of each bag with a standard hole punch. Air was drawn out of each bag by vacuum (Ϸ1.0 liters/min) through a glass tube (15-by 1.5-cm OD) containing a Super Q-Þlled trap (2.5 by 0.5 cm, 200 mg each; Alltech Associates, Inc., DeerÞeld, IL) positioned on the branch at the base of the open end of the bag before the bag being sealed. Bags were aerated continuously for 48 h under ambient Þeld conditions. Collected volatiles were eluted with methylene chloride; eluates (2 milliliter per each sample tube) were stored at Ϫ30ЊC until evaluation.
EAG Protocol. Subject females were immobilized in a custom polycarbonate insect holder (Leskey et al. 2009b) . The recording and indifferent electrodes were produced from 1.0 mm (OD) capillary glass (World Precision Instruments, Sarasota, FL) using a model P.80/PC Flaming Brown Micropipette Puller (Sutter Instrument Co, Novarto, CA) and based on a modiÞed "bee-stinger" tip program (Leskey et al. 2009b ). The indifferent electrode was Þlled with diluted reference electrode solution (diluted from 4.0 M KCl-saturated AgCl to 0.4 M) and inserted through a port in the top of the insect holder through the exposed membrane attached to the ventral cervical sclerite between the thorax and the head. The recording electrode was similarly Þlled with electrode solution and inserted through a port at the rear of the holder into the mid-point (between segments 2Ð3) of the immobilized four-segmented antennal club to permit insertion of polished tungsten electrodes into the Þlled glass electrodes (Leskey et al. 2009b) .
Baseline output signal from antennae of individual plum curculios was observed and allowed to stabilize for up to 10 min. Individual female plum curculios exhibiting output baseline variation (noise) of greater than Ϯ 25 mV were not tested. After baseline stabilization, the insect holder was inserted into a cylindrical port at the terminus of a moving air stream, and clean air was passed across the recorded antenna at 1 liter per minute. A stimulus cartridge was prepared for each odor stimulus treatment. Brießy, 50 l solution from the 8 ml parent extract was dispensed onto a Þlter paper strip (Whatman Grade 3 Þlter paper, 75 mm ϫ 6 mm, Whatman Inc., Piscataway, NJ), the solvent was evaporated completely, the strip was loaded into a glass Pasteur pipette, and mounted on a 10-ml syringe. Preparation of stimulus cartridges was repeated every 2 h during test periods. A rotation of Ϸ2-ml puffs of each tested stimulus was injected by hand into the clean air stream through an oriÞce 15 cm upwind from the antenna at a 30-s interval. Synthetic volatile stimuli were evaluated at the following doses: 10.0, 1.0, 0.1, 0.01, and 0.001 mg/ml while the ÔStanleyÕ plum standard and DCM solvent were used as controls. A female plum curculio was exposed to each stimulus four times, yielding a 14-min total trial time for each responder. In total, Þve females were evaluated for responses to each stimulus treatment.
Input signals were routed through three-stage ampliÞcation yielding a measured output ampliÞcation of Ϸ220ϫ. Output samples were taken and recorded at a rate of 31 samples per second, and data were exported in spreadsheet form for analysis (Leskey et al. 2009b) .
EAG response data from each individual were then analyzed using the GLM procedure for mixed models (SAS Institute 2009) to construct ANOVA tables for mean amplitude of response (mV) among all individuals evaluated. The EAG sensitivity model evaluated the effect of odor stimulus treatment with replicate used as a blocking factor. Dependent variable data were square-root transformed to stabilize variance. When the GLM indicated signiÞcant differences, multiple comparisons were calculated using TukeyÕs HSD (P Յ 0.05).
Trap Tree Experiments. Orchard Setup. Experimental blocks were established within six commercial apple orchards: Poverty Lane Orchards in Lebanon, NH; Apple Hill Orchard in Concord, NH; Gould Hill Or- a Attractive at 0.01% concentration in the laboratory, 5.00% in the Þeld, and as part of a blend in the Þeld.
b Repellent at 1.00, 0.10, and 0.01% concentrations in the laboratory, not attractive at 5.00% in the Þeld. chard in Contoocook, NH; Scott Farm in Dummerston, VT; Clarkdale Orchards in DeerÞeld, MA; and Clark Brothers Orchard in AshÞeld, MA. Each block was divided into two paired 1-to 3-ha plots to compare trap tree and grower-standard treatment management strategies only. In the trap tree plot, 6 Ð12 perimeterrow trees were baited with volatile stimuli. All trees were unbaited in grower-standard (control) plots. The number of replicates for trap tree and control trees per orchard are provided in Table 2 .
Standard Volatile Trap Trees (2010) . Within all trap tree plots, the Þrst trap tree was deployed Ϸ25 m from the end of the row, and trap trees were separated by Ϸ50 m within the row. Benzaldehyde dispensers consisted of 8 ml of a 9:1 neat, i.e., pure, solution of benzaldehyde:1,2,4-trichlorobenzene formulated into 15-ml capped white polyethylene vials (Wheaton, Millville, NJ). Each vial was suspended inside an inverted colored plastic drinking cup (volume ϭ 266 ml; Solo Cup Co., Urbana, IL) to minimize the potential negative impact of UV light on the stability of benzaldehyde. Based on release rate equations generated by Leskey and Zhang (2007) , total release at 25ЊC would equal Ϸ228 mg/d per trap tree. Pheromone dispensers contained 35 mg of grandisoic acid (ChemTica, San Jose, Costa Rica); recent studies by Leskey and Zhang (2007) predicted that the release rate was Ϸ0.14 mg/d per trap tree at 25ЊC. The four benzaldehyde dispensers were deployed equidistantly throughout the outer third of the canopy and left for the entire season while the pheromone dispenser was deployed near the center of the tree (Prokopy et al. , 2004 ) and replaced after Ϸ5 wk. Within control plots, unbaited control trees were established using the same spacing criteria ( Fig. 1; Table 2 ). Owing to a serious frost destroying much of the crop, we were unable to collect fruit-injury data from Apple Hill Farm (Concord, NH) and Poverty Lane Orchards (Lebanon, NH) in 2010.
Inclusion of Trans-2-Hexenal as an Attractant (2011) . Based on EAG results (see Table 3 ), we evaluated the potential of trans-2-hexenal as an additional attractant for use in trap trees. In this case, within each trap tree plot, half of the trap trees were randomly selected to receive the standard volatile treatment used in 2010, while the other was augmented with four trans-2-hexenal dispensers in addition to the standard attractants. Trans-2-hexenal dispensers consisted of 8 ml of neat material formulated into 15-ml capped polyethylene vials (Wheaton). Each vial was suspended inside an inverted colored plastic drinking cup (volume ϭ 266 ml; Solo Cup Co.) to minimize potential negative impact of UV light on the stability of trans-2-hexenal and reßect the deployment method for benzaldehyde. Based on laboratory gravimetric studies conducted at 25ЊC, the release rate of trans-2-hexenal (2012) . We evaluated the potential of trans-2-hexenal as a "push" component, i.e., a repellent, in trap tree plots. In this case, within each trap tree plot, half of the trap tree plots were randomly selected to receive the standard volatile treatment used in 2010, while others were augmented with four trans-2-hexenal dispensers in far-lateral trees in the perimeter row (Fig. 1) . All other procedures were identical to standard practices.
Grandisoic Acid Release Rate (2012) . We evaluated the potential effects of increasing the release rate of grandisoic acid in trap tree plots. In this case, half of the trap trees were randomly selected to receive pheromone dispensers containing 35 mg of grandisoic acid (ChemTica). The other half received 5ϫ that amount. All other procedures were identical to standard practices.
Deployment and Evaluation. All trap tree and perimeter-row treatment plots were established during late bloom, ranging according to growing season from 22 April to 8 May. At petal fall, each grower applied a full-block insecticide application. After petal fall, plum curculio were managed in the trap tree plots using the trap tree management protocol and in control plots according to standards used by individual growers. In trap tree plots, only the trap trees were subsequently treated with insecticide following the full-block insecticide application at petal fall. Need for and timing of insecticide applications as well as material and rate used were determined by individual growers.
All experimental plots received a full-block petal fall spray directed at plum curculio followed by a trap tree treatment Ϸ1Ð2 wk later. Fruit injury evaluations were made after the risk period of additional PC injury passed each season based on the oviposition model for timing insecticide sprays (Reissig et al. 1998) , ranging according to year from 17 JuneÐ27. The total number of fruit with oviposition scars was recorded based on a sample of 20 fruit per tree in trap trees in the trap tree plots and control trees in grower-standard plots, and in peripherally located trees surrounding each trap tree and control tree for a total of up to 2200 fruit per block (Table 2 ). In addition, 20 interior trees (20 fruit per tree) were sampled along diagonal paths from opposing corners of each plot to provide a measure of efÞcacy of each treatment regime to protect fruit from plum curculio immigration and injury. In total, 400 fruit per trap tree and perimeter-row treated plots were sampled. These sampling schemes were used previously by Leskey et al. (2008) to evaluate fruit injury.
Statistics. Percent fruit injury data were subject to an ARCSIN SQRT transformation. For standard volatile trials, GLM models were constructed to compare % fruit injury in: 1) trap trees in experimental plots and unbaited control trees in grower-standard plots; 2) trap trees and nearest neighbor lateral trees within trap tree plots (Fig. 1); 3) unbaited control trees in grower-standard plots and nearest neighbor lateral trees within trap tree plots; and 4) interior trees within trap tree and grower-standard plots as a measure of the effectiveness of the management strategies to protect fruit from plum curculio injury. For comparison of interior injury rates, these models did not include orchard as a class variable because trees were sampled on a per plot basis. When the GLM indicated significant differences in treatment or among orchard, multiple comparisons were calculated using TukeyÕs HSD at ␣ ϭ 0.05.
Results

EAG Studies.
When single host plant volatiles were presented at 10 mg/ml, signiÞcant differences were detected among treatments (F ϭ 101.75; df ϭ 5, 110; P Ͻ 0.001) with trans-2-hexenal and ÔStanleyÕ plum standard eliciting signiÞcantly greater responses compared with all other treatments. At 1 mg/ml for single host volatiles, signiÞcant differences were again detected (F ϭ 59.84; df ϭ 5, 110; P Ͻ 0.001) with ÔStanleyÕ plum standard eliciting the strongest response, and signiÞcantly greater than all other treatments except trans-2-hexenal (Table 3) .
SigniÞcant differences were also detected when single host volatiles were presented at 0.1 mg/ml (F ϭ 239.81; df ϭ 5, 110; P Ͻ 0.001), 0.01 mg/ml (F ϭ 132.80; df ϭ 5, 110; P Ͻ 0.001), and 0.001 mg/ml (F ϭ 97.69; df ϭ 5, 110; P Ͻ 0.001). Although ÔStanleyÕ plum standard elicited the strongest response, which was signiÞcantly greater than all treatments including trans-2-hexenal at these three concentrations, the latter single host plant volatile also elicited a strong response that was signiÞcantly greater than all other single host volatile treatments and the control (Table 3) . 
Trap Tree Treatments. Standard Volatile Trap Trees.
In comparisons of baited trap trees in experimental plots and unbaited control trees in grower-standard plots, the model for fruit injury was signiÞcant (F ϭ 11.43; df ϭ 4, 52; P Ͻ 0.001). The effect of treatment (P Ͻ 0.001) and orchard (P Ͻ 0.001) was signiÞcant. SigniÞcantly more injury was found within trap trees in trap tree plots compared with unbaited control trees in grower-standard plots (Table 4) . Within individual orchards, injury in trap trees and unbaited control trees ranged from 4.09 to 56.15% and 0.00 Ð 4.38%, respectively. The model for fruit injury within baited trap trees and laterally located nearest neighbor trees within trap tree plots was signiÞcant (F ϭ 25.38; df ϭ 4, 129; P Ͻ 0.001) and for unbaited control trees in grower-standard plots and laterally located nearest neighbor trees within trap tree plots (F ϭ 10.75; df ϭ 7, 116; P Ͻ 0.001), with the effect of treatment (P Ͻ 0.001) and orchard (P Ͻ 0.001) being signiÞcant in both models. Within trap tree plots, injury in laterally located trees was signiÞcantly less than baited trap trees, but signiÞcantly greater compared with unbaited control trees in grower-standard plots (Table 4 ). In terms of interior protection, there was no signiÞcant difference between trap tree plots (4.75% Ϯ 0.71 SE) and grower-standard plots (1.75% Ϯ 3.5 SE), based on fruit injury (F ϭ 0.12; df ϭ 1, 6; P ϭ 0.73).
Inclusion of Trans-2-hexenal as an Attractant. Although injury in standard trap trees (14.03% Ϯ2.82 SE) was numerically greater than trap trees augmented with trans-2-hexenal (8.75% Ϯ 2.73 SE), the model for fruit injury was not signiÞcant (F ϭ 0.06; df ϭ 6, 43; P ϭ 0.078). Therefore, trap tree treatments were combined and compared with unbaited control trees in grower-standard plots. The model for fruit injury was signiÞcant (F ϭ 6.14; df ϭ 6, 83; P Ͻ 0.001), with the effect of treatment (P Ͻ 0.001) and orchard (P ϭ 0.029) being signiÞcant. Injury in baited trap trees was signiÞcantly greater than injury in unbaited control trees from grower-standard plots (Table 4) . The model for fruit injury within baited trap trees and laterally located nearest neighbor trees within trap tree plots was signiÞcant (F ϭ 8.07; df ϭ 6, 189; P Ͻ 0.001) and for unbaited control trees in grower-standard plots and laterally located nearest neighbor trees within trap tree plots (F ϭ 4.93; df ϭ 6, 179; P Ͻ 0.001), with the effect of treatment (P Ͻ 0.001) and orchard (P Ͻ 0.001) being signiÞcant in both models. Within trap tree plots, injury in laterally located trees was signiÞcantly less than baited trap trees, but signiÞ-cantly greater compared with unbaited control trees in grower-standard plots (Table 4 ). In terms of interior protection, there was no signiÞcant difference between trap trees plots (0.80% Ϯ 0.02 SE) and growerstandard plots (1.50% Ϯ 0.10 SE) based fruit injury (F ϭ 0.11; df ϭ 1. 10; P ϭ 0.74).
Inclusion of Trans-2-hexenal as a "Push" Component. Although the model for fruit injury was signiÞcant (F ϭ 0.83; df ϭ 3, 19; P ϭ 0.0259), there was no signiÞcant difference in the amount of injury present in trap trees with or without trans-2-hexenal (P ϭ 0.267) deployed as a "push" component in distant lateral trees. Therefore, data from all trap tree plots were combined. As found previously, the model for fruit injury was signiÞcant (F ϭ 7.39; df ϭ 3, 39; P Ͻ 0.001), with the effect of treatment (P Ͻ 0.001) and orchard (P ϭ 0.021) being signiÞcant. Injury in trap trees in trap tree plots was signiÞcantly greater than unbaited control trees in grower-standard plots (Table 4). The model for fruit injury within baited trap trees and laterally located nearest neighbor trees within trap tree plots was signiÞcant (F ϭ 7.60; df ϭ 3, 176; P Ͻ 0.001), with the effect of treatment (P Ͻ 0.001) and orchard (P Ͻ 0.001) being signiÞcant. Within trap tree plots, injury in laterally located trees was signiÞcantly less than baited trap trees, and the model for injury comparing laterally located nearest neighbor trees in trap tree plots and unbaited control trees within grower-standard plots was not signiÞcant (F ϭ 1.67; df ϭ 3, 73; P ϭ 0.182; Table 4 ). In terms of interior protection, there was no signiÞcant difference between trap tree plots (1.41% Ϯ 0.92 SE) and growerstandard plots (0.75% Ϯ 0.50 SE), based on fruit injury (F ϭ 0.56; df ϭ 1, 4; P ϭ 0.50).
Grandisoic Acid Release Rate. Although injury in trap trees with a Þvefold increase in release rate of a Means from the same experiment in the same column followed by a different capital letter, lowercase letter, or lowercase italicized letter are signiÞcantly different (P Ͻ 0.05). grandisoic acid (6.97% Ϯ3.01 SE) was numerically greater than standard trap trees (2.31% Ϯ 0.92 SE), the model for fruit injury was not signiÞcant (F ϭ 0.91; df ϭ 3, 20; P ϭ 0.455). Therefore, trap tree treatments were combined and compared with unbaited control trees in grower-standard plots; the model for fruit injury was not signiÞcant (F ϭ 1.20; df ϭ 3, 35; P ϭ 0.3234), though injury was numerically greater in trap trees in trap tree plots than unbaited control trees in grower-standard plots (Table 4) . The model for fruit injury within baited trap trees and laterally located nearest neighbor trees within trap tree plots (F ϭ 4.26; df ϭ 3, 84; P ϭ 0.007) and within control trees in grower-standard plots and laterally located nearest neighbor trees within trap tree plots (F ϭ 8.46; df ϭ 3, 77; P Ͻ 0.001) were signiÞcant, with the effect of orchard (P Ͻ 0.001) being signiÞcant, but not treatment. In terms of interior protection, there was no signiÞcant difference between trap tree plots (2.08% Ϯ 1.59 SE) and grower-standard plots (3.75% Ϯ 3.37 SE), based on fruit injury (F ϭ 0.07; df ϭ 1. 4; P ϭ 0.80).
Discussion
Although trans-2-hexenal, a common green leaf volatile, proved to be highly stimulating even at very low doses in the laboratory based on EAG responses (Table 3), we did not see evidence of increased attraction based on augmenting trap trees with this stimulus. Similarly, in the original study aimed at developing baited trees as sentinels for monitoring plum curculio activity, Prokopy et al. (2003) reported that trans-2-hexenal did not increase activity within trap trees though the amount of material released per trap tree was reportedly ϷÞvefold lower. In studies with boll weevil, Anthonomus grandis Boheman, trans-2-hexenal did not synergize adult response to traps baited with their aggregation pheromone whereas other green leaf volatiles such as trans-2-hexen-1-ol did. However, for Ceratitis capitata (Wiedemann), the presence of trans-2-hexenal did increase female response to male odor (Dickens et al. 1990 ). Conversely, the chrysomelid strawberry leaf beetle, Galerucella vittaticollis Baly, is not attracted to this compound, but is attracted to another green leaf volatile, cis-3-hexenyl acetate in the Þeld (Hori et al. 2008) . Our results indicated that this green leaf volatile could be repellent to plum curculio based on numerically lower injury in trap trees augmented with this stimulus compared with standard trap trees (results reported here and also based on Prokopy et al. 2003) and from previous laboratory studies demonstrating repellency at high concentrations .
Therefore, we attempted to increase overall aggregation within baited trap trees by using trans-2-hexenal as part of a pushÐpull strategy. PushÐpull strategies are based on behavioral manipulation by making a protected resource unattractive to the pest (push component), but also luring them to an attractive source (pull) where they can be removed or annihilated (Cook et al. 2007) . In this case, we used trans-2-hexenal deployed in lateral trees in trap tree plots as the "push" component and the standard trap tree as the "pull" component. However, we saw no differential increase in injury (and hence aggregation) in trap trees augmented by lateral trees baited with trans-2-hexenal. However, we were able to only evaluate a single release rate of trans-2-hexenal in the Þeld. We know from laboratory trials that dose or release rate is critical in terms of observing repellency . Therefore, increasing the overall amount of trans-2-hexenal deployed in lateral "push" trees could improve overall aggregation within "pull" trap trees. Alternatively, rather than a volatile repellent, the use of tactile repellents have been explored as part of a "push pull" strategy for plum curculio. In this case, the center of orchard plots is sprayed with kaolin clay to repel, deter, or "push" plum curculios away from plot centers. This strategy is coupled with baited traps at the border to attract and intercept adults (Hinman and Ames 2011) .
Indeed very few studies have explored using plant volatiles as repellents, only 3% of 374 published papers based on a recent meta-analysis conducted by Szendrei and Rodriguez-Saona (2010). Thus, more effort toward development of repellents as part of behaviorally based management of agricultural pests seems warranted. Moreover, trans-2-hexenal appears to be a reliable and sensitive chemical standard for evaluating amplitude of EAG responses from plum curculio relative to other host plant volatiles and host plant extracts, which could prove useful in identifying other potential attractants and repellents.
We also attempted to improve the efÞcacy of trap trees by increasing the amount of grandisoic acid released per trap tree. Interestingly, we saw no increase in aggregation within trap trees based on comparisons of trap trees with and without 5ϫ higher grandisoic acid release rates. Moreover, we saw no signiÞcant difference in the amount of injury in trap trees and laterally located nearest neighbor trees, suggesting a potential decrease in overall aggregation in trap trees. Similarly, Prokopy et al. (2004) evaluated increasing the amount of grandisoic acid by 2ϫ to improve trap trees for monitoring purposes and observed no increase in overall activity within baited trap trees. Perhaps the higher release rate of grandisoic acid actually increased the active space of the pheromone leading to increased activity in nearest neighbor trees as well, thereby reducing the overall efÞcacy of the approach. The function of aggregation pheromones can include efÞcient resource use, mate-Þnding, and protection from natural enemies and from environmental conditions (Wertheim et al. 2005) . Certainly, both male and female plum curculios respond to grandisoic acid (Eller and Bartelt 1996) , to host plant odors , and to combinations of these stimuli in traps , Leskey et al. 2005 , Akotsen-Mensah et al. 2010 ). However, it seems that establishing the active space of a particular combination and release rate within the context of an orchard will be necessary to better de-ploy these stimuli to improve overall efÞcacy of trap trees.
Another mechanism that could improve overall efÞcacy of this "attract and kill" approach could be based on the insecticide selections made by growers to treat baited trap trees. Most growers typically have treated trap trees with either Avaunt (indoxacarb), Assail (acetamiprid), or Imidan (phosmet; Leskey et al. 2008) . However, dried insecticide residues of these three insecticides had relatively minor effects on mobility and mortality of plum curculio following a 2-h exposure interval in a recent laboratory study. In contrast, a pyrethroid may be a good Þt if used as part of a targeted and spatially limited management technique such as the trap tree management strategy, because a pyrethroid, Asana (esfenvalerate), produced the most immediate effects on mobility and a high degree of mortality (Leskey et al. 2013) . Within orchards, it seems likely that adults who contact Asana residues while foraging within treated canopies would succumb very quickly. Although pyrethroids have long been considered effective against plum curculio, they also are considered problematic because of their tendency to ßare populations of phytophagous mite pests such as the European red mite, Panonychus ulmi (Koch), and twospotted spider mite, Tetranychus urticae (Koch) due to toxicity to predaceous mites and other natural enemies.
Other factors may be important, however, in terms of material selection. Curative activity of particular insecticides including azinphosmethyl, phosmet, thiamethoxam, acetamiprid, and thiacloprid has been documented. Treating tart cherries infested with plum curculio with these compounds resulted in substantial reductions in emerging larvae (Hoffmann et al. 2009 ). Thus, treating baited trap trees as well as orchard blocks with insecticides that have curative properties could reduce overall infestations in fruit leading to decreases in larvae generated by this "attract and kill" approach. Another method to reduce overall larval infestations generated by infested fruit and subsequent populations is to apply entomopathogenic nematodes to the soil to control emerging larvae from fruit (Shapiro-Ilan et al. 2004 . In this case, one could limit the amount of material needed and apply them simply to the soil beneath baited trap trees only, decreasing cost of treatment. Shapiro-Ilan et al. (2011) identiÞed strains of entomopathogenic nematodes effective against the northern strain of plum curculio including Steinernema feltiae, Steinernema rarum, and Steinernema riobrave. These entomopathogenic nematodes could be used to control larvae generated in baited trap trees to reduce overall populations of plum curculio in and near orchards resulting in a multi life-stage approach to plum curculio management in apple orchards.
